(12) INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT) 



(19) World Intellectual Property Organization 

International Bureau 




(43) International Publication Date (10) International Publication Number 

23 May 2002 (23.05.2002) PCT WO 02/40961 A2 



(51) International Patent Classification 7 : G01N 

(21) International Application Number: PCT/IB0T/02763 

(22) International Filing Date: 

15 November 2001 (15.11.2001) 

(25) Filing Language: English 

(26) Publication Language: English 

(30) Priority Data: 

0027904.2 15 November 2000 (15.11.2000) GB 

(71) Applicant (for all designated States except US): 
RUSTECK LTD. [—/—]; P.O. Box 301, Queen's 
House, Don Road, St. Helier, Jersey JE4 8UQ (GB). 

(72) Inventor; and 

(75) Inventor/Applicant (for US only): RASTOPOV, 
Stanislav [RU/RU]; Flat 161, Building 2, Ostrovitjanova 
Street, 30, Moscow, 117321 (RU). 



(81) Designated States (national): AE, AG, AL, AM, AT, AU, 
AZ, BA, BB, BG, BR, BY, BZ, CA, CH, CN, CO, CR, CU, 
CZ, DE, DK, DM, DZ, EC, EE, ES, FI, GB, GD, GE, GH, 
GM, HR, HU, ID, IL, IN, IS, JP, KE, KG, KP, KR, KZ, LC, 
LK, LR, LS, LT, LU, LV, MA, MD, MG, MK, MN, MW, 
MX, MZ, NO, NZ, OM, PH, PL, PT, RO, RU, SD, SE, SG, 
SI, SK, SL, TJ, TM, TR, TT, TZ, UA, UG, US, UZ, VN, 
YU, ZA, ZM, ZW. 

(84) Designated States (regional): ARIPO patent (GH, GM, 
KE, LS, MW, MZ, SD, SL, SZ, TZ, UG, ZM, ZW), 
Eurasian patent (AM, AZ, BY, KG, KZ, MD, RU, TJ, TM), 
European patent (AT, BE, CH, CY, DE, DK, ES, FI, FR, 
GB, GR, IE, IT, LU, MC, NL, PT, SE, TR), OAPI patent 
(BF, BJ, CF, CG, CI, CM, GA, GN, GQ, GW, ML, MR, 
. NE, SN, TD, TG). 

Published: 

— without international search report and to be republished 
upon receipt of that report 

For two-letter codes and other abbreviations, refer to the "Guid- 
ance Notes on Codes and Abbreviations" appearing at the begin- 
ning of each regular issue of the PCT Gazette. 



< 



SO 

ON (54) Title: OPTICAL DETECTION OF PARTICLES IN A LIQUID MEDIUM 



(57) Abstract: Particles in a liquid medium are detected by directing a source of laser light through a container containing a liquid 
sample with a concentration of microscopic particles in suspension. An optical detector located off the optical axis receives scattered 
light from the particles and provides a signal with a dc component and a varying component. The DC component is removed to 
provide a filtered signal representing the varying component. Movement is produced in the sample liquid, e.g. by convective stirring, 
to extend the band of frequencies of the varying component towards higher frequencies. The apparatus can be used for growth curve 
detection of biological samples and provides increased sensitivity. 
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OPTICAL DETECTION OF PARTICLES 
IN A LIQUID MEDIUM 



5 The present invention relates to optical 

apparatus for detecting particles in a liquid medium 
and is particularly concerned with the detection of 
bacteria and a method of growth curve analysis of 
liquid biological samples using optical techniques. 

Optical techniques have been used for some years 
for the detection and classification of particles in 
liquids. The concentration of particles in a liquid 
can be measured using a turbidimeter. A beam of light 
is transmitted through a liquid sample and attenuation 
of the light received at a detector provides a measure 
of the concentration of particles in the sample. 
Reference is made to Blackburn C de W, et al, (1987) 
" Brief Evaluation of a Fully Automated Optical 
Analyser System, the Bioscreen for Measuring the 
Growth of Micro-organism". Technical Notes No. 57, 
Leatherhead Food R.A. 

It is also known to monitor light scattered from 
particles in a liquid sample. The total amount of 
light scattered from an illuminated volume of sample 
and received at a detector can provide an indication 
of the concentration of scattering centres or 
particles in the sample. This technique is called 
nephelometry and has been used for immunoassay 
reaction detection. 

Techniques have also been described using 
coherent light from a laser and monitoring the speckle 
pattern produced in the light scattered from particles 
in the sample. Both the effect of interference 
between light from different scattering centres in the 
sample due to different path lengths to the detector, 
and the effect of small Doppler changes in wavelengths 
of scattered light due to particle motion, have been 
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investigated. US4826319 and US6011621 describe 
measuring or monitoring the size of particles in a 
liquid by observing the frequency content of the 
scattered light. 
5 It has also been proposed to detect living micro- 

organisms in liquid samples by observing the 
characteristic frequencies of intensity fluctuations 
of scattered light resulting from the motility of the 
organisms. See, for example, "Spectral Analysis of 

10 Laser Light Scattered from Motile Micro-organisms", by 
R. Nossal, Biophysical Journal Vol.11 (1971), pp341- 
354. However, there are substantial technical 
problems in using such techniques for practical 
purposes, especially for samples with low 

15 concentrations of micro-organisms or other 
particulates . 

For the theory and a mathematical analysis of 
coherent light scattering from particles suspended in 
a liquid, reference should be made to * Photon 

20 Correlation and Light Beating Spectroscopy" edited by 
H.Z. Cummins and E.R. Pike, Plenum Press, 1974, 
especially pages ?-?. 

The present invention provides optical apparatus 
for detecting particles in a liquid medium, comprising 

25 a container for a liquid sample with a concentration 
of microscopic particles in suspension, a source of 
coherent light arranged to direct coherent light along 
a predetermined optical axis through a sample in said 
container to provide an illuminated volume of said 

30 sample, a detector located off said optical axis and 
arranged to receive light from said source which has 
been scattered by particles in said illuminated volume 
of said sample, said detector providing a signal 
representing the intensity of said received light and 

35 comprising a dc component dependent on the 

concentration of said particles in said illuminated 
volume and a time varying component with frequencies 
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in a band, a filter removing said dc component to 
provide a filtered output signal, and a sample 
stirring device to produce movement of the sample 
liquid in said illuminated volume so as to extend said 
5 band of frequencies towards higher frequencies. 

The total intensity of light received by a 
detector from a illuminated volume of liquid sample is, 
dependent on, amongst other things, the number of 
scattering particles in the volume. However, this 
10 total intensity also contains the following additional 
components : - 

a) a component dependent on molecular scattering by 
the molecules of the liquid of the sample, 

b) components dependent upon absorption of light by 
15 the liquid and the material of the sample 

container, 

c) a component dependent on scattering by the 
material of the sample container, and 

d) a component dependent on scattering and 

20 absorption in the window of the photo detector 

device . 

Accordingly, the component which is representative of 
the amount of light being scattered from particulates 
(in particular from bacteria or other micro-organisms) 

25 in the sample can be only a relatively small 

proportion of the total received signal, especially 
for low particle concentrations. 

The present invention removes the dc component of 
the total scattered intensity signal from the 

30 detector, to provide a filtered signal representing 

only the variations in the total intensity. By using 
a coherent light source, such as a laser, to provide 
the illuminated volume of the sample, the amplitude of 
the variations of the scattered light intensity is 

35 also representative of the number of scattering 

particles within the sample volume. Interference 
between light scattered from individual particles 
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within the illuminated volume produces an interference 
pattern (speckle pattern) at the plane of the 
detector. Because the scattering particles within the 
illuminated volume of the liquid sample are in motion, 
5 experiencing Brownian motion at least, the speckle 
pattern is continuously changing, producing the 
variations in the intensity signal from the detector. 
The amplitude of these intensity variations is 
generally proportional to the number of scattering 

10 centres or particles in the illuminated volume. 

Importantly, the other sources of scattered light 
received by the detector tend not to produce 
variations in the detected intensity. As a result, 
filtering out the dc component of the detected 

15 intensity, produces a signal which can represent the 
concentration of scattering particles within the 
illuminated volume with much greater sensitivity. 

According to theory, as set out in Cummins and 
Pike referenced above, it can be shown that the 

20 spectral content of variations in the intensity of 
scattered light from particles moving solely with 
Brownian motion, include substantial power density at 
very low frequencies (of intensity variation) , down to 
0.1 Hz and less for particles of l\i size and low 

25 scattering angles (e.g. 5-7 deg) . By comparison, the 
energy at higher variation frequencies, say 10 Hz or 
more, is 1000 times less. By stirring the sample 
liquid to produce movement of the liquid in the 
illuminated volume, the detected intensity variations 

30 are pushed towards higher frequencies, and it becomes 
possible to filter out the dc component of the 
detected intensity of scattered light effectively 
without using a filter with an excessively long time 
constant . 

35 As a result, the optical apparatus described 

above can detect changes in the concentration of 
scattering particles in a sample fluid with great 
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sensitivity and with a shorter response time. 
Importantly, where the optical apparatus is used for 
monitoring the growth curve of biological samples 
containing a growth medium, growth of the biological 
5 species in the particular medium can be detected much 
sooner and at much lower concentrations. 

Conveniently, the sample stirring device 
comprises a heater arranged to heat the sample in the 
container to produced convective stirring. In order 

10 to achieve the required extension of the bandwidth of 
the frequency of intensity variation, the stirring 
device should produce a velocity of liquid movement of 
the order of one millimeter per second. Preferably, 
the stirring action of the stirring device provides 

15 liquid motion in different directions in different 

parts of the illuminated volume of the sample. As a 
result, the stirring action itself produces 
corresponding changes in the speckle pattern formed in 
the plane of the detector. It has been found that the 

20 half band or relaxation frequency of the frequency 

spectrum of intensity variation of the scattered light 
is substantially linearly related to the mean speed of 
motion of liquid in the illuminated volume of the 
sample caused by the stirring device. A relatively 

25 low level of stirring action in the liquid sample can 
increase the half band frequency from as low as 0.1 Hz 
for Brownian motion of Ip particles in still liquid, 
to 200 to 300 Hz or more. As a result, the filter can 
be set with a lower cut off frequency of about 10 Hz 

30 and still pass a substantial proportion of the energy 
contained in the spectrum of intensity variation for 
the scattered light. 

As mentioned above, sufficient stirring of the 
liquid sample can be achieved using a heater. 

35 Preferably, the heater comprises a heater block for 
receiving said container, the heater block being 
asymmetric about a vertical plane containing the 
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optical axis. In this way, the heater can be arranged 
to heat the sample differentially in a horizontal 
plane to ensure adequate convective stirring of the 
sample to produce the required bandwidth extension to 
5 higher frequencies. 

In a preferred embodiment, the apparatus 
comprises at least a first matched pair of said 
detectors equally spaced at a common radial distance 
on opposite sides of a plane containing said optical 

10 axis, and difference means receiving input signals 

respectively from said pair of detectors and providing 
a different signal representing the difference between 
said input signals. In this way, correlated signal 
variations received by both detectors symmetrically 

15 spaced on opposite sides of the plane containing the 
optical axis are rejected in the difference signal. 
On the other hand, the intensity variations received 
by each detector which are dependent on interference 
in the scattered light, are not correlated and so the 

20 amplitude of the non correlated signal variations will 
be additive in the difference signal to produce a 
total amplitude equal to /2 times the amplitude of 
variation from each of the two detectors. In this 
way, the signal to noise ratio for the desired 

25 intensity variation signal can be substantially 

increased. Common mode signal variations which would 
be characteristic of many noise sources in the 
apparatus, are received equally and in phase by the 
two matched detectors of the pair and cancel each 

30 other in the difference signal. In particular, all 

intensity variations resulting from noise in the light 
source should be cancelled in this way. 

The apparatus may include one or more further 
said pairs of detectors. A respective difference 

35 signal is obtained from the outputs of the detectors 
of each pair and the various difference signals can 
then be summed so as further to increase the 
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sensitivity for detection of variations in the 
scattered light resulting from changes in the 
interference pattern caused by motion of the 
scattering particles in the illuminated volume of 
5 sample liquid. 

Very preferably, the or each detector has a 
sensitive aperture which is greater than ten times the 
coherence area for interfering scattered light at the 
detection plane normal to the optical axis. The 

10 coherence area is a measure of the grain size of the 

speckle pattern at the plane of the detector caused by 
interference between light scattered by the various 
particles in the illuminated volume of the sample. 
Classical theory for the detection of intensity 

15 variations resulting from the speckle pattern suggests 
that the aperture at the detector should normally be 
in the range of 1 to 5 coherence areas (see 
" Biochemical Applications of Laser Rayleigh 
Scattering" by N.C. Ford, Jr., Chemica Scripta 

20 1972,2,193-206). However, it has been found that 

better signal to noise is obtained using a relatively 
large illuminated volume of sample (which would lead 
to a small coherence area at the detector) , in 
combination with a relatively large aperture of 

25 detector embracing a substantial number of coherence 

areas. The overall dc level of signal produced by the 
detector is then increased in proportion to the 
increase in area, and it has been found that the 
amplitude of variations in the output signal are also 

30 increased in proportion to the square root of the 
increase in area. 

In practice, the illuminated volume of said 
sample may have an area normal to the optical axis 
which is greater than 1 mm 2 . 

35 Also, the illuminated volume may have a dimension 

along the optical axis which is greater than 3 mm, and 
preferably greater than 1 mm. 
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Overall, the illuminated volume may be greater, 
than 3 nun 3 , and preferably greater than 30 mm 3 . 

The sensitive detector aperture may be between 
0.5 and 2 mm 2 . 

The distance between the mid point of the 
illuminated volume along the optical axis and the 
detection plane may be between 1 and 10 cm. 

The present invention also provides a method of 
growth curve analysis of a liquid biological sample 
comprising the steps of: 

preparing a liquid sample for analysis containing 
a selected growth medium, 

illuminating a volume of said sample with 
coherent light directed along an optical axis, 

detecting the intensity of light scattered from 
said illuminated volume, 

filtering out a dc component of said detected 
intensity to provide a filtered signal representing 
only intensity variations in a predetermined band of 
frequencies, 

monitoring said filtered signals over a period of 
time, and 

determining from changes in said filtered signal 
the likely presence or absence of a biological species 
which is viable in the selected growth medium. 

By monitoring only the intensity variations in 
light reflected from an illuminated sample, changes in 
the concentration of scattering centres in the sample, 
which will normally represent a change in the 
population of a biological species in the sample, can 
be detected with much greater sensitivity and 
therefore at a much earlier stage in the development 
of a growth path. 

Preferably, the method includes the step of 
producing motion of the liquid of said sample relative 
to the optical axis. As explained above, this shifts 
the frequencies of the intensity variations to higher 
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frequencies, allowing a greater total energy of the 
intensity variation signal to be detected whilst 
eliminating the dc content, without using filters with 
excessive time constants. 
5 Preferably the band of frequencies monitored is 

from 1 Hz to 500 Hz, and more preferably between 10 Hz 
and 300 Hz. 

Examples of the present invention will now be 
described with reference to the accompanying drawings, 
10 in which: 

Figure 1 is a schematic illustration of particle 
detection apparatus embodying the present invention; 

Figure 2 is a schematic view in elevation of a 
pair of cuvettes containing liquid samples in a 
15 heating block for use in the apparatus of Figure 1; 

Figure 3 is a schematic plan view of the heating 
block of Figure 2 illustrating the heating and 
temperature control arrangement; 

Figure 4 is a schematic view taken along the 
20 optical axis of the laser beam illustrating an 

arrangement of photodetectors which may be employed in 
the apparatus of Figures 1 to 3; 

Figure 5 is a schematic block diagram of an 
electronic circuit employed to provide an output 
25 signal from the apparatus; 

Figure 6 is a graphical representation of a 
typical Lorentzian power density frequency spectrum of 
the fluctuations of intensity of light received at a 
detector which has been scattered by particles in 
30 Brownian motion in the illuminated volume of a liquid 
sample; 

Figure 7 is a corresponding power density 
distribution for particles in Brownian motion where 
the liquid of the sample is being stirred to produce 
35 movement of the liquid relative to the optical axis of 
the illuminating light beam; and 

Figure 8 is a graphical representation of a 
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growth curve obtained by the apparatus of Figure 1 for 
a sample containing a micro-organism in a growth 
medium. 

Referring to Figure 1, a beam 10 from a laser 11 
is directed along an optical axis 12 through a liquid 
sample 13 contained in a sample holder or cuvette 14. 
The cuvette 14 is made from a material which is 
substantially transparent to the laser light, or at 
least has a transparent window through which the laser 
beam can enter the cuvette to illuminate the liquid 
sample 13, and a further transparent window through 
which light scattered from particles in an illuminated 
volume 15 of the liquid can pass to a detector 16. 

As illustrated, the laser beam 10 is 
substantially collimated so that the illuminated 
region 15 of sample liquid within the cuvette 14 has a 
volume corresponding to the product of the 
cross-sectional area of the laser beam and the width 
of the cuvette in the direction" of the optical axis 
12. Also, in the illustrated example, scattered light 
from all parts of the illuminated region 15 of the 
liquid sample can reach the sensitive area of the 
photodetector 16. 

The photodetector 16 produces on line 17 a signal 
representing at any time the intensity of scattered 
light received by the detector. This signal on line 
17 is filtered in a dc filter 18 to remove the dc 
component of the signal so that only the variations in 
the received signal are passed to a monitor 19. 

It is important to note that, by comparison with 
prior art photometric apparatus such as disclosed in 
U.S. Patents 4826319 and 6011621, the apparatus 
described in this embodiment of the invention is not 
concerned with detecting or analysing the spectral 
content of variations in light scattered from the 
liquid sample. In this example of the invention, it 
is the total energy in these signal variations which 
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is being detected and monitored. 

Furthermore, it should be understood that the 
described embodiment is particularly concerned with 
the analysis of liquid samples with relatively low 
5 concentrations of scattering particles. 

As mentioned before, the amplitude of variations 
in the scattered signal detected by the detector 16 
has a generally proportional relationship to the 
concentration of scattering centres. However, in 

10 practice, the detector 16 must have a dynamic range 
sufficient to accommodate the dc level of scattered 
light from the large illuminated volume 15, and still 
sufficiently low noise to permit the much smaller 
fluctuation amplitude still to be detected. 

15 The described apparatus may be compared with 

nephelometry in which the intensity of scattered light 
is monitored, but instead the described apparatus uses 
a coherent light source and filters out the dc level 
of the scattered light intensity signal so as to use 

20 the fluctuation amplitude as the measuring parameter 
for particle concentration in the sample. 

The laser 11 may be a solid state semiconductor 
laser operating at 670 nm. The wavelength is not 
however critical for many applications. The laser 11 

25 produces a collimated beam having a cross-sectional 

area greater than about 1 mm 2 , and typically having a 
diameter of about 3 mm. The width of the interior of 
the cuvette 14 in the direction of the optical axis 12 
is normally greater than 3 mm and may be about 1 cm. 

30 As a result, the illuminated region 15 may have a 
volume of about 70 mm 2 . 

To maximise the amount of scattered light which 
can be received by the detector 16, the detector is 
located off the optical axis 12, but as close as 

35 possible to the beam 10 without receiving any direct 
illumination from the beam. Further, the detector 16 
is located close to the cuvette 14 to increase the 
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amount of scattered light received by the detector. 
The sensitive area of the detector 16 may be about 
1 mm 2 and it may be located at about 2 cms from the 
nearer wall of the cuvette 14, so that the line 
5 between the centre of the illuminated region 15 and 
the centre of the detector 16 forms an angle of 
between 5° and 7° with the optical axis 12 of the 
laser beam. 

Referring now to Figure 6, according to the 

10 theory which is known to the those skilled in this 
art, the power density spectrum of intensity 
fluctuations of the scattered light has a Lorentz 
distribution of the form illustrated in the Figure, on 
the assumption that the scattering particles are 

15 moving only with Brownian motion. For scattering 

particles having a size of about lp and a scattering 
angle of about 5°, the relaxation frequency or half 
band frequency of the spectrum is at about 0.1 Hz. It 
can be seen, therefore, that a very substantial part 

20 of the power in the intensity fluctuations (as much as 
99%) is at frequencies below 1 Hz, and as much as 50% 
is below 0.1 Hz. 

The embodiment of the apparatus illustrated in 
Figure 1, includes a stirrer 20 illustrated adjacent a 

25 lower end of the cuvette 14, which is effective to 

produce a stirring motion of the liquid sample in the 
cuvette . 

Again, the mechanism which produces the stirring 
action is not in itself critical. Some mechanical 
30 agitation of the liquid sample could work, although it 
is desirable to avoid movement of the cuvette 14 
itself relative to the ion beam 10. 

In a preferred embodiment, the stirrer 20 
comprises a heater adapted to produce convective 
35 currents in the fluid sample. 

The motion of the sample liquid 13 produced by 
the stirrer 20 has an important effect on the power 
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density spectrum of intensity variations in the 
scattered light received by the detector 16. As 
illustrated in Figure 7 , the movement of the sample 
liquid has the effect of extending the spectrum 
5 towards higher frequencies. Thus, curve 22 in Figure 
7 represents the power density spectrum from light 
scattered by particles in the sample liquid when the 
sample liquid is stirred to have a first typical speed 
relative to the ion beam 10 (say about 0.5 mm/s), and 

10 curve 23 represents the power density spectrum of the 
same sample (with the same concentration of scattering 
particles) but for a higher speed of movement of the 
sample (say about 1 mm/s) . As can be seen, as the 
velocity of movement is increased, the relaxation 

15 frequency of the spectrum moves to higher frequency 
values with a simultaneous reduction in the constant 
power density level for frequencies below the 
relaxation frequency. In fact, it has been found that 
the relaxation frequency of the power density spectrum 

20 is substantially proportional to the velocity of 
movement of the liquid sample. 

In the example illustrated in Figure 7, the speed 
of liquid motion of about 1 millimetre per second 
produces a relaxation frequency of around 200 Hz. 

25 Importantly, the increase in the relaxation 

frequency of the power density spectrum produced by 
the circulation or stirring motion of the liquid 
sample allows the dc filter 18 to operate with a low 
pass cut off of about 10 Hz. As a result, the dc 

30 filter 18 can be made to respond with a relatively 
shorter time constant, whilst still responding to a 
major portion of the total power in the intensity 
variation signal. 

Typically, the filter 18 will also be arranged to 

35 have an upper frequency cut off to eliminate higher 

frequency noise and other disturbing elements from the 
signal. So long as the higher frequency cut off is 
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a temperature sensor 34 providing a feedback signal to 
a temperature controller 35 which is designed to power 
the heating element 33 so as to maintain the block 32 
at a predetermined temperature. 
5 The heating block 32 is arranged to support 

cuvettes 30 and 31 side by side in a vertical plane 
which is perpendicular to the optical axes of a pair 
of parallel laser beams 36 and 37. Each of the laser 
beams 36 and 37 can be generated from a respective 

10 separate laser which is not shown in these drawings. 

The laser beams 36 and 37 are arranged to pass through 
the respective cuvettes 30 and 31 at a point below the 
levels 38,39 of liquid samples in the respective 
cuvettes, to provide illuminated regions of the 

15 respective samples in the manner as illustrated in 
Figure 1. 

Each of the cuvettes 30 and 31 has a rectangular 
horizontal cross-section. The heater block 32 is 
shaped substantially as a letter E with a central part 

20 40 extending vertically between and snugly fitting 

against the inner facing surfaces 41 and 42 of the two 
cuvettes. The central part 40 extends up the height 
of the cuvettes to above the level of the laser beams 
36 and 37 substantially to the levels 38 and 39 of the 

25 liquid samples in the cuvettes. 

Outer parts 43 and 44 of the E of the heater 
block 32 extend vertically outside the outer faces 45 
and 4 6 of the two cuvettes. The outer parts 43 and 44 
may be spaced from the outer surfaces 45 and 4 6 of the 

30 cuvettes, as shown, and also do not extend to the same 
height as the central part 40. In fact in Figure 2, 
the outer parts 43 and 44 do not extend as high as the 
level of the laser beams 36 and 37, but this is not 
critical . 

35 As illustrated in Figure 3, the heater block 32 

is substantially the same width, in the laser beam 
direction, as the cuvettes 30 and 31 at the plane of 
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the laser beams, and the front and back faces of the 
cuvettes are exposed to receive the laser beam on one 
side and to allow scattered light to emerge for 
detection on the opposite side of the respective 
5 cuvettes. 

With the asymmetric construction of the heater 
block 32 illustrated in Figure 2, a sample in each of 
the respective cuvettes 30 and 31 is heated 
asymmetrically so that there will be a slight 

10 temperature difference between the inner face of the 
cuvette adjacent the central part 40 of the heater 
block, and the outer faces of the cuvettes which are 
generally exposed to the local ambient atmosphere. As 
a result, a convective current will flow in the liquid 

15 sample as illustrated by the arrow 47. 

It has been found that a sufficient movement of 
the sample to achieve the desired objective of 
shifting the relaxation frequency of the power density 
spectrum to higher frequencies (Figure 7) can be 

20 obtained with only a relatively small temperature 
difference across the sample. For example, with 
cuvettes 30 and 31 having a substantially square 
cross-section at the level of laser beams 36 and 37 of 
side about 1 cm, only a very small temperature 

25 difference across the liquid sample (typically about 
0.1°C) is sufficient to ensure adequate stirring 
motion of the liquid. Such a temperature differential 
can be assured with the difference between the 
temperature of the sample liquid within the cuvette 

30 and ambient in the vicinity of the outer faces of the 
cuvette, of just 3°C. This may readily be achieved 
when operating the heater 33 to maintain the heater 
block and the liquid samples in the cuvettes, 
substantially at a temperature of about 37°C which is 

35 a standard temperature for promoting bacterial growth 
in a growth medium. 

Referring now to Figure 4, this is a schematic 
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illustration of a photodetector arrangement which may 
be used for detecting scattered light in embodiments 
of the present invention. The illustration of Figure 
4 is a view along the optical axis 50 of a laser beam 
5 51 taken at a point substantially in the plane of the 
photodetectors such as photodetector 16 in Figure 1. 
Instead of a single photodetector 16 as illustrated in 
Figure 1, the arrangement of Figure 4 provides twelve 
separate detector elements in groups of four which are 

10 mounted together in units 52, 53 and 54. Each of the 
units 52, 53 and 54 are similar. Considering unit 52, 
this contains four individual photodetector elements 
56 to 58 each having sensitive surfaces about 1 mm 2 . 
A preferred form of photosensitive element is the 

15 photodiode type QD7-5 from RS Components. The four 
photodiodes 55 to 58 are mounted in two pairs 55,56 
and 57,58 with the diodes of each pair being mounted 
symmetrically on either side of a plane 59 containing 
the optical axis 50 of the laser beam 51. Thus, the 

20 two photodiodes of each symmetrical pair should 
receive the same dc component of intensity of 
scattered light. Similarly, the diodes of the pair 
should provide intensity variation signals having 
similar amplitude and frequency distribution, 

25 However, the intensity variation components of the 
signals will be uncorrelated with respect to each 
other. 

In the arrangement illustrated, each of the 
blocks 52, 53 and 54 contain four diodes mounted 
30 together as illustrated so that there are a total of 
six pairs of symmetrically positioned diodes- 

Referring now to Figure 5, the signals from each 
pair of symmetrically positioned diodes are supplied 
to the inverting and non inverting inputs respectively 
35 of a respective differential amplifier. Thus, the 
signals from photodiodes 55 and 56 are supplied via 
respective dc blocking capacitors 57 and 58 to a 
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differential amplifier 59. Similarly, signals from 
diodes 60 and 61 are supplied via capacitors 62 and 63 
to differential amplifier 64. The signals from the 
other pairs of diodes as illustrated in Figure 4 are 
also supplied to corresponding differential amplifiers 
but these have been represented by dashed lines in 
Figure 5 for simplicity. 

The difference signals from the six differential 
amplifiers are then supplied to a summing amplifier 65 
and the resulting sum signal is supplied to a band 
pass filter 66. The output of the band pass filter is 
A/D converted in ADC 67 and the resulting digital 
information provided to a computer 68 . 

By providing signals from symmetrically 
positioned and matched pairs of photodiodes to the 
inputs of respective differential amplifiers , any 
correlated varying components of the two signals from 
the two diodes of the pair will tend to cancel out in 
the output signal from the differential amplifier. 
Such correlated signals could for example correspond 
to variations in the intensity of the laser light from 
the laser 11. On the other hand, the intensity 
variations resulting from diffraction between light 
scattered by the different particles in the liquid 
sample are uncorrelated with each other so that 
subtracting one signal from the other in the 
differential amplifier 59, for example, in fact 
produces an intensity variation signal having an 
amplitude which is /2 times the amplitude of each of 
the intensity variations signals from the individual 
diodes. Accordingly, the described apparatus can 
significantly reduce interfering components from the 
intensity variation signal whilst increasing the 
required component. 

Similarly, the output from the summing amplifier 
65 will have an intensity variation amplitude which is 
V* 6 times the average amplitude of the six difference 
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signals from the differential amplifiers, further 
increasing the sensitivity of the instrument. 

The band pass filter 66 is arranged to pass only 
signals in the frequency range between about 10 Hz and 
about 300 Hz and the resulting signal supplied and 
digitised by the ADC 67 can be a sensitive and 
responsive measure of the concentration of scattering 
particles in the sample in the cuvette. The ADC 67 
may comprise a standard PC sound card. 

The described apparatus can have a particular 
application in growth curve analysis of biological 
samples. Because of the high sensitivity and fast 
response time of the instrument, growth curves can be 
categorised at a relatively early stage in their 
development. Considering the graphical illustration 
of Figure 8, this represents the growth curve of a 
bacterium in a sample of human urine. The background 
count of scattering particles in the urine sample 
would be typically of the order of 10 5 parts per 
millilitre (ppml) . Curve A indicates the development 
of a growth curve as measured by the above described 
instrument following the introduction of the sample to 
a growth medium. For comparison, Curve B shows the 
growth curve detected by a known turbidimeter for the 
same sample. In the illustrated example, growth of 
the bacteria in the sample can be detected by the 
above described instrument about three hours earlier 
even for fast growing bacteria (with a generation time 
of about 25 minutes) . For slow growing bacteria the 
time improvement can be eight hours or more. This 
compares extremely favourably with known prior art 
growth curve analysis techniques. 

For cleaner samples, with a lower background 
particle count or concentration, the development of a 
growth curve can be recognised even sooner. 

It should be noted that advantages can be 
obtained in performing growth curve analysis on 
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samples by monitoring intensity variations in the 
light scattered from a volume of the sample 
illuminated with coherent light. This can provide a 
more sensitive method of growth curve analysis which 
5 allows an earlier characterisation of the sample. 
Accordingly, although it is preferred to perform 
growth curve analysis with an instrument as described 
above in which the liquid sample is stirred in order 
to shift the relaxation frequency of the intensity 

10 variation power density spectrum to higher 

frequencies , useful results can also be obtained in 
the absence of any substantial stirring, although this 
will require a trade off between response time of the 
instrument and sensitivity. 

15 A significant feature of the above described 

embodiment of the invention is the use of photodiodes 
for detection of the intensity of scattered light from 
the illuminated liquid sample. Prior art photometric 
instruments commonly use photon counting techniques 

20 for detecting scattered light, because the scattered 
light intensities of such prior art instruments are 
extremely low. This is because only a very small 
illuminated volume of sample is imaged to the 
detector, often using a large scattering angle and a 

25 narrow divergence angle, so that the detector will 
respond primarily to intensity variations 
corresponding to movement of the particles themselves. 
In the embodiment described above, a relatively large 
illuminated volume is NN imaged" to the detector, so 

30 that the detector can be considered to have a 

sensitive area which is many times the coherence area 
of the speckle pattern in the detection plane. As a 
result of this, the output of the photodetector has a 
substantial dc component. However, because the 

35 amplitude of intensity variations in the detector 

signal are in fact also increased, filtering out the 
dc component of the detector signal can result in an 
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intensity variation signal which is a sensitive 
measure of relatively low concentrations of scattering 
particles in the sample- It is important, however, 
that the relative magnitude between the dc component 
5 of the detector signal and the intensity variation 

component is not so great that the detector is either 
saturated by the dc component, or the intensity 
variation component becomes comparable to the 
amplitude of the noise signal produced by the 

10 detector. In the described example, the amplitude of 
intensity variation is typically from 0.1 to 1% of the 
dc component. 

In the above described embodiment, a total of six 
pairs of symmetrically arranged photodiodes have been 

15 used to provide an enhanced intensity variation 

signal. Additional pairs of diodes may also be used. 
Furthermore arrays of large numbers of diodes could be 
used so long as these could be connected in pairs 
which are symmetrical on either side of planes 

20 containing the laser beam axis. 
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CLAIMS : 

1. Optical apparatus for detecting particles in a 
liquid medium, comprising 
5 a container for a liquid sample with a 

concentration of microscopic particles in suspension; 

a source of coherent light arranged to direct 
coherent light along a predetermined optical axis 
through a sample in said container to provide an 

10 illuminated volume of said sample; 

a detector located off said optical axis and 
arranged to receive light from said source which has 
been scattered by particles in said illuminated volume 
of said sample, said detector providing a signal 

15 representing the intensity of said received light and 
comprising a dc component dependent on the 
concentration of said particles in said illuminated 
volume and a time varying component with frequencies 
in a band, a filter removing said dc component to 

20 provide a filtered output signal and a sample stirring 
device to produce movement of the sample liquid in 
said illuminated volume so as to extend said band of 
frequencies towards higher frequencies. 

25 2. Apparatus as claimed in Claim 1, wherein said 

sample storing device comprises a heater arranged to 
heat the sample in the container to produce convective 
stirring. 

30 3. Apparatus as claimed in Claim 2, wherein said 

heater is arranged to heat the sample differentially 
in a horizontal plane. 

4. Apparatus as claimed in Claim 3, wherein said 
35 heater comprises a heater block for receiving said 

container, said heater block being asymmetric about a 
vertical plane containing said optical axis. 
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5. Apparatus as claimed in any preceding claim, 
including at least a first matched pair of said 
detectors equally spaced at a common radial distance 
on opposite sides of a plane containing said optical 
5 axis, and difference means receiving input signals 

respectively from said pair of detectors and providing 
a difference signal representing the difference 
between said input signals. 

10 6. Apparatus as claimed in Claim 5, including at 

least one further said pair of detectors on opposite 
sides of said plane and at a respective different 
common radial distance from said optical axis, said 
difference means receiving input signals from said 

15 further pair of detectors and providing a further 

difference signal representing the difference between 
the input signals from said further pair, and a 
summing means receiving said difference signals and 
providing a sum signal representing the sum of said 

20 difference signals. 

7. Apparatus as claimed in either of Claim 5 or 
Claim 6, including at least one further said pair of 
detectors on opposite sides of said plane and 

25 diametrically opposed to said first pair with respect 
to said optical axis, said difference means receiving 
said difference means receiving input signals from 
said further pair of detectors and providing a further 
difference signal representing the difference between 

30 the input signals from said further pair, and a 

summing means receiving said difference signals and 
providing a sum signal representing the sum of said 
difference signals. 

35 8. Apparatus as claimed in any of Claims 5 to 7, 

including at least one further said pair of detectors 
at a common radial distance on opposite sides of a 
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respective different plane containing said optical 
axis, said difference means receiving input signals 
from said further pair of detectors and providing a 
further difference signal representing the difference 
5 between the input signals from said further pair, and 
a summing means receiving said difference signals and 
providing a sum signal representing the sum of said 
difference signals. 

10 9. Apparatus as claimed in any of Claims 1 to 8, 

wherein the or each detector has a sensitive aperture 
which is greater than ten times the coherence area for 
interfering scattered light at the detection plane 
normal to the optical axis. 

15 

10. Apparatus as claimed in Claim 9, wherein the 
illuminated volume of said sample has an area normal 
to the optical axis which is greater than 1 mm 2 . 

20 11. Apparatus as claimed in either of Claims 9 to 10, 
wherein said illuminated volume has a dimension along 
said optical axis which is greater than 3 mm. 

12. Apparatus as claimed in Claim 11, wherein said 
25 dimension is greater than 7 mm. 

13. Apparatus as claimed in any of Claims 9 to 12, 
wherein said illuminated volume is greater than 3 mm 3 . 

30 14. Apparatus as claimed in Claim 13, wherein said 
illuminated volume is greater than 30 mm 3 . 

15. Apparatus as claimed in any of Claims 9 to 14, 
wherein said sensitive detector aperture is between 

35 0.5 and 2 mm 2 . 

16. Apparatus as claimed in any of Claims 9 to 15, 
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wherein the distance between the mid point of the 
illuminated volume along the optical axis and the 
detection plane is between 1 and 5 cm. 

5 17. A method of growth curve analysis of a liquid 

biological sample comprising preparing a liquid sample 
for analysis containing a selected growth medium, 
illuminating a volume of said sample with coherent 
light directed along an optical axis, detecting the 

10 intensity of light scattered from said illuminated 

volume, filtering out a dc component of said deleted 
intensity to provide a filtered signal representing 
only intensity variations in a predetermined band of 
frequencies monitoring said filtered signal over a 

15 period of time, and determining from changes in said 
filtered signal the likely presence or absence of a . 
biological species which is viable in the selected 
growth medium. 

20 18. A method of growth curve as claimed in Claim 17, 
including the step of producing motion of the liquid 
of said sample relative to the optical axis. 

19. A method of growth curve as claimed in Claim 18, 
25 wherein said band of frequencies is from 1 Hz to 

500 Hz. 

20. A method of growth curve as claimed in Claim 19, 
wherein said band of frequencies is from 10 Hz to 

30 300 Hz. 
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